The implementation of long-lasting insecticidal-treated bed nets (LLINs)
INTRODUCTION
The burden of malaria transmission has dramatically decreased all over the world in recent years, with an estimated 18% reduction in malaria cases and a 48% reduction in malaria deaths since 2000. 1 However, the African continent still remains the most endemic area, and it is estimated that 90% of malaria deaths take place there, despite substantial control efforts being undertaken. Since 2000, the proportion of the population in sub-Saharan Africa sleeping under longlasting insecticidal-treated bed nets (LLINs) rose from an estimated less than 2% to 55% in 2015. 1 The implementation of vector control tools that reduce human exposure to malaria vectors is followed by a decrease in the frequency of mosquitoes' blood feeding, which has led to a drop in their density. 2, 3 Consequently, a decrease has been observed in malaria transmission. In several sub-Saharan African countries, the use of LLINs has contributed to the reduction of the malaria-associated morbidity. [4] [5] [6] Furthermore, the use of LLINs has contributed toward achieving very low levels of parasites transmission and moving from perennial to short seasonal transmission periods in some endemic malaria areas. In addition, Bhatt et al. 7 reported that since 2000, 663 million clinical cases have been avoided and that 68% of this has resulted from the use of LLINs. These impressive results have revived the hope of eliminating malaria and have led the World Health Organization (WHO), through the World Health Assembly, to adopt a technical report for the period of 2016-2030 to achieve an ambitious new target for reducing the global malaria burden by 90% over the next 15 years from the 2015 baseline. 8 To reach this goal, the World Health Assembly recommends strengthening malaria control by achieving universal coverage for first-line vector control tools i.e., LLINs supported by other interventions such as indoor residual spraying for all at-risk populations. Indeed, Griffin et al. 9 reported through a mathematical model of malaria that the incidence of malaria would increase by 21% from 2015 to 2030 if the current level of LLIN coverage combined with suitable diagnostic and treatment of malaria cases is not increased. Indeed, resurgences in malaria transmission have been reported in many areas in the sub-Saharan Africa after the implementation of LLINs. [10] [11] [12] [13] [14] [15] This situation justifies the efforts to increase the LLIN coverage, renew them on a regular basis to maintain their effectiveness, and to improve their level of use. Furthermore, the effectiveness of these indoor interventions is also threatened by the spread of pyrethroid resistance in the main vectors. 16, 17 Pyrethroids are the only compound approved by WHO to treat bed nets. In addition, the behavioral changes of vector and the shift in species composition resulting from the use of LLINs may also compromise the efficacy of malaria control tools. [18] [19] [20] [21] [22] [23] [24] Indeed, the strategy to use LLINs is mainly effective against those malaria vectors that are mostly anthropophilic, and bite and rest inside rooms. 25 These are the distinctive characteristics of the main African malaria vectors that belong to the Anopheles gambiae complex and the Anopheles funestus group. In sub-Saharan Africa, malaria vectors that can occur in sympatry have differential vectorial capacities and, consequently, the effectiveness of vector control interventions could depend on the species occurring in a given place.
Because of these various pitfalls, the WHO technical report for 2016-2030 8 emphasizes the prerequisite to perform high-quality surveillance data collection to implement effective vector management to achieve the goal of eliminating malaria. Thus, entomological monitoring in areas where LLIN coverage has been implemented for several years is needed to provide critical information to tackle the current deficiencies of the use of bed nets that could maintain residual malaria transmission. For this purpose, the present study was undertaken to investigate the longitudinal dynamics of malaria vectors before and after three LLIN distribution campaigns.
METHODS
Study area. The study was conducted in Dielmo, a village located 280 km southeast of Dakar, in Senegal. The climate in the village is typical of the Sudanian Savanna and the rainy season occurs from June to October with an annual average rainfall ranging from 400 to 900 mms. Most of the inhabitants in Dielmo belong to the Sereer ethnic group and are cattle raisers and agricultural workers. They live in close contact with their livestock, which is kept in their houses at night. In 1990, the village was selected for a longitudinal survey to investigate the determinants of malaria transmission, because of its high malaria prevalence. 26 In 2006, Artemisinin-based Combination Therapy was introduced in Dielmo as the first-line treatment against malaria. In addition, campaigns to encourage a general coverage of LLINs (active ingredient: deltamethrin; PermaNet ® 2.0, Vestergaard Frandsen Group SA, Lausanne, Switzerland) have been implemented since 2008. These strategies have been followed by a decrease in the prevalence of infection with malaria parasites provided by thick blood films, which fell between 2006 and 2008 from 36.8% to 12.3% in children aged 0-14 years, and from 27.6% to 9.0% in people aged 15 years and older. 27 However, two episodic resurgences of malaria transmission were observed in the village in 2010 and 2013. 10, 28 After each resurgence of malaria, LLIN coverage was renewed, in July 2011 and in August 2014, respectively. In May 2016, the Senegalese National Malaria Control Program (NMCP) renewed all LLINs in the country, including the ones in Dielmo that are in line with the WHO recommendations to achieve the objective of eliminating the transmission of malaria. Therefore, according to the distribution of LLINs, four periods were defined: period 1 (P1) before LLIN coverage in Dielmo, from July 2006 to June 2008; period 2 (P2), from July 2008 to June 2011; period 3 (P3), from July 2011 to June 2014; and period 4 (P4), from August 2014 to April 2016. Period 1 lasted 2 years, whereas P2 and P3 lasted for 3 years each, with one rainy season per year. In P4, the LLINs were renewed by the Senegalese NMCP in May 2016; indicating that P4 lasted less than 2 years (21 months) and covered two rainy seasons.
Field study and laboratory processing. For each study period, mosquitoes were collected every month using human landing catches (HLCs). Human landing catches were performed indoors and outdoors at two sentinel sites over two or three consecutive nights per month between 7 PM and 7 AM. All mosquitoes were morphologically identified using keys of Gilles and De Meillon 29 and kept individually in Eppendorf tubes with silica. The presence of the Plasmodium falciparum circumsporozoite protein (CSP) antigen in each Anopheles specimen was detected in the crushed head and thorax using the enzyme-linked immunosorbent assay-CSP technique. 30 Monthly rainfall records were obtained using a rain gage in the village.
Statistical analyses. Variations in per person per night biting rates. Variations in mosquitoes' biting rates summed across nights were analyzed for An. gambiae s.l. and An. funestus populations using a general linear mixed model (GLMM) assuming a negative binomial distribution of the response variable (mosquito bites) with the fixed factors being, the species, rainfall, or month (these two variables, being highly correlated, were not included in the same models), period (P1, P2, P3, or P4), and location site (indoors or outdoors). We also included random factors: the date of capture (two to three nights per month, making 357 levels) and the house (two houses per year, making 22 levels). The dual interaction between all fixed factors was also analyzed in the model, and the triple interactions involving the species, to compare the dynamics of bites between the An. gambiae s.l. and the An. funestus populations.
The model was fitted using the glmmADMB library 31, 32 in the R Software Version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria), 33 on a data set of 2,632 rows. Random effects significance was assessed with a likelihood ratio test (with the anova function in R), whereas fixed effects significance was assessed via model selection (Akaike Information Criterion [ACI] comparisons), where more than one reasonably wellfitting models (the difference in their AIC is less than 10) 34 were identified, but the simplest was preferred. Where P values were used, statistically significant was defined as P < 0.05.
The human biting rates according to the mosquito species, the period, and the site of collection were calculated using the predict R function on the best selected model. Post hoc comparisons were made by running glmm similar to the previously identified best model, on subsets of the data set (in particular, on subsets by species and by periods). The correlation between the abundance of An. gambiae s.l. and An. funestus and the rainfall data was also measured using Spearman correlation coefficients in the R software.
Variations in nocturnal activity. To analyze the effect of nocturnal activity, we desegregated the data set (so far aggregated by the night of capture) to count the number of bites when people are awake (from 7 PM to 10 PM and 5 AM to 7 AM, according to our observations), and when people are sleeping (from 10 PM to 5 AM). We refitted the best model identified in the previous analysis to this desegregated data set (5,264 rows), and then added the new binary variable (sleeping/awake) and its interactions, with the other variables, sequentially. Again, a given term was kept only if AIC was diminished by more than 10.
The variation in the global, An. gambiae s.l., and An. funestus exposures across periods was then analyzed following the Killeen et al. 35 methodology which is as follows: the mean biting rate experienced by an unprotected individual (an individual not using mosquito nets); B u , was calculated by summing the expected number of bites when the person is awake and outdoors; and the expected number of bites when the person is sleeping and indoors. Similarly, the mean biting rate experienced by a protected individual (an individual always using mosquito nets), B p , was calculated by summing the number of bites when the person is awake and outdoors (from 7 PM to 10 PM and 5 AM to 7 AM) and the expected number of bites when the person is sleeping indoors under the net (assuming a protective effect of 80%, which means the number of bites under the net is 20% of the indoor biting rate, from 10 PM to 5 AM). The relative biting rate for insecticidetreated bed nets (ITN) users, λ p , is then the ratio between these two values (B p /B u ), and the protective efficacy of an ITN against a given species of Anopheles (P*) is 1 − λ p . Eventually, a last indicator, that is useful to interpret P*, is π i , the proportion of bites occurring indoors for an unprotected individual, which can be calculated as the number of bites predicted to occur indoors, divided by the total number of bites predicted to occur both indoors and outdoors.
Infection and entomological inoculation rates. The occurrence of infection (positive/negative) in collected mosquitoes was analyzed as a function of species and period using a GLM with a binomial distribution.
Eventually, annual entomological inoculation rates were calculated for each period based on the infection rates and the exposure of the bed net users (protected individuals) and the nonusers (unprotected individuals), respectively. The global protective efficacy of an ITN (against infected species of Anopheles), P* f is 1 − (EIR p /EIR u ).
RESULTS
Mosquito composition collection and abundance. A total of 41,637 female mosquitoes were collected using HLCs between July 2006 and April 2016 with 1,324 person-nights ( Table 1 ). The anophelines represented 37.3% (15,536) of the mosquitoes collected and the culicines, represented here by the Culex, Aedes and Mansonia genera represented 62.7% (26, 101) .
Regarding the Anopheles species, An. gambiae s.l. and An. funestus were the major species captured with 24.7% and 11.8% of the mosquitoes' collection, respectively. Other anophelines such as Anopheles nili, Anopheles pharoensis, Anopheles pretoriensis, Anopheles welcomei, Anopheles zeimani and Anopheles brunnipes were also collected but at low density and represented less than 1%. It is interesting to note that the number of specimens collected for these minority Anopheles species ranged annually from 1 to 49 individuals over the course of the whole study, apart from 2009, 1 year after the first implementation of LLINs, when at least 100 specimens were collected (Table 1) .
Variations in per person per night biting rates. Model selection. According to the GLMM analysis, species, period, site of collection, rain, and month all had a significant effect on the number of bites ( Table 2 ). The effect of rain being highly correlated with the effect of month, and the effect of month explaining much more variance, the effect of month was selected over the effect of rain in model selection (but note that when processing model selection with rain instead of month, the same terms were deleted). The best model was model_1e that is close to the full model except that the triple interactions Species × Site of collection × Month and Species × Site of collection × Period are removed (alpha = 2.0774, zero inflation: P = 0.015). Both random factors (house and night of capture) had a significant effect (house variance = 0.072, night of capture variance = 0.242), as well as the Species × Period × Month interaction, i.e., the effect of months differ by period but differently for An. gambiae s.l. and An. funestus.
Differences between periods. Before the implementation of the LLINs at P1, both An. gambiae s.l. and An. funestus were present in Dielmo. During that period, An. funestus was the prevalent species with 12.5 bites per person per night (b.p.n), while An. gambiae s.l. accounted for 8.7 b.p.n ( Figure 1 ). However, during the P2 period which coincided with the first implementation of the LLINs, the human biting rates of An. funestus dropped substantially to 1.0 b.p.n, and that of An. gambiae s.l. increased slightly (12.3 b.p.n). The biting density of An. funestus remained steady between 1 and 2 b.p.n in P3 and P4 respectively. At the same periods, An. gambiae s.l. biting rates fell from 4.8 b.p.n in P3 to 1.7 b.p.n in P4. In summary, An. funestus was originally predominant, but An. funestus bites were much less frequent beginning in P2, while the number of An. gambiae s.l. bites first increased in P2, such that it was prevalent in this period, and then decreased steadily in P3 and P4. In P4, the number of bites of both species was very low compared with P1.
Seasonal variations. Monthly variations must be described taking into account rainfall ( Figure 2 ) and, according to the model, depend greatly on the period and species (month × period × species interaction).
As previously mentioned, rainfall and month were highly correlated but the effect of month better explained the variance in the model. The correlation between the number of bites and rainfall was low but significant for An. funestus (Spearman coefficient r = 0.088, P = 0.001), and moderate and significant for An. gambiae s.l. (Spearman coefficient r = 0.402, P < 0.001). Indeed, An. funestus was the most abundant species during and after the rainy season in 2006 ( Figure 2 ). The abundance of the species decreased after the rainy season of 2007 and remained low in the beginning of 2008. It seems to drop even lower right after the implementation of the LLINs in July 2008. Compared with An. funestus, An. gambiae s.l. was less abundant, particularly during dry seasons before, but also after the implementation of LLINs in 2008 ( Figure 2 ). The peak of aggressiveness of An. gambiae s.l. was usually observed during rainy seasons. It started to decrease substantially during the rainy season of July 2013, coinciding with the beginning of P3, the period of the renewal of LLINs. During the following years, the aggressiveness of this species was low but a small peak still occurred during the rainy seasons.
Site of collection (indoor/outdoor) effect. As shown in Figure 3 , the effect of the site of collection (indoor/outdoor) depended on the species (site of collection × species interaction) and the period (site of collection × period interaction). Both species were collected as much indoors as outdoors during P1 and P2, and switched to be collected outdoors during P3 and P4 (post hoc model selection steps are provided in Supplemental Material 1).
Variations in nocturnal activity. Hourly dynamic. In P1, the number of mosquitoes collected increased progressively indoors and outdoors for both species from 7 PM up to 3 AM indoors and up to 4 AM outdoors (Figure 4 , left panels). It then started to decrease (although a smaller peak can be seen around 5 AM) but was not back to the number of mosquitoes that were collected in the first hours on the night, when captures end at 7 AM. In P2 the nightly biting dynamic of these species remained unchanged, although a new peak of activity appeared at 10 PM for An. gambiae s.l., both indoors and outdoors. The peak activity of both the species switched to occur a bit earlier, around 12 PM and 1 AM (with the second, smaller peak occurring between 4 AM and 5 AM) in P3 and P4 both indoors and outdoors. However, these changes did not translate into differences in the number of bites while people are awake versus when they are sleeping, as none of the interactions between the binary variables counting the number of bites when people are awake versus sleeping and other variables (species, indoor/outdoor, period, or month) are significant (the best model is model 4, Table 3 ). Hence, although catches decreases progressively from P1 to P4, 76.9% occurred when humans are asleep from P1 to P4 (see Supplemental Material 2).
Exposure of protected and unprotected individuals. Given the mosquito's nocturnal activities (model 4 predictions, Figure 4 right panels), the number of bites expected for bed net We first compared two full models, one with rain, and the other with month as explanatory variables. Month was explaining much more variability than rain alone and was therefore privileged as an explanatory variable in further steps. For model comparison, the difference between the AIC of each model and the AIC of the full model was calculated (ΔAIC). Two models, Model 1b and Model 1e, fit better than the full model (ΔAIC < 0) and both fit reasonably well (the difference between their AIC is less than 10). We choose the simpler of those two models as our best model (Model 1e). This model is close to the full model except the triple interactions Sp:OI:Month and Sp:OI:Period are removed. users and nonusers are given for each period and each species in Table 4 (the whole calculation process is provided in Supplemental Material 2). The number of bites decreases for both net users and nonusers from P1 (B p = 8.08 and B u = 22.05) to P4 (B p = 1.41 and B u = 2.59). The proportion of those bites that are occurring outdoors for an unprotected individual (nonuser) increases from P1 (1 − π i = 0.20) to P4 (1 − π i = 0.43).
Sporozoitic infection and entomological inoculation rates. Infection rates. Among all the anophelines tested, the presence of the P. falciparum circumsporozoic protein antigen was detected only in An. gambiae s.l. and An. funestus. The infection rate varied significantly depending on the periods of the study (x 2 = 10.648, P = 0.014), and the interaction between the species and the period (x 2 = 19.219, P < 0.001). For An. gambiae s.l., the infection rate increased progressively from 1.0% in P1 to 2.2% in P3 and then decreased to 0.5% in P4. Inversely, for An. funestus, the infection rate decreased progressively from 1.6% in P1 to 0.2% in P3 and increased to 0.8% in P4 (Table 4 ).
Entomological inoculation rates. Taking into account the infections rates, we can calculate that in P1, where few people were using bed nets, the number of infected bites was around 110 infected bites per year per (unprotected) individual. At this time, a bed net user would have received 40.4 infected bites per year. A decrease can be seen in P2, P3, and P4, and comparatively, in P4, a bed net user is expected to encounter 3.2 infected bites per year, whereas a nonuser is expected to encounter 5.8 infected bites per year ( Table 4 ).
The relative hazard for users compared with nonusers, λ p , almost steady between P1 (∼37%) and P2 (∼38%), increased up to 47% in P3 and 55% in P4. Consequently, the true protective efficacy of the net P* f decreased from 63% in P1-45% in P4 (Table 4 ).
DISCUSSION
In this study, a significant decline in the biting densities of An. gambiae s.l. and An. funestus was observed after the introduction of LLINs. The same trend was observed in the human experienced bites, however the protective efficacy of LLINs decreased due to the exposure to outdoor biting displayed by both species that may maintain the residual malaria transmission in Dielmo. During the pre-intervention P1, An. gambiae s.l. and An. funestus were both present in Dielmo, with An. funestus being the dominant species. Previous studies have already reported the presence of this species in the village and its involvement in malaria transmission throughout the rainy and dry season. 36 In this study, the abundance of An. funestus decreased dramatically between P1 and P2. Our detailed analysis shows that the abundance of An. funestus started to decline during P1, more specifically in 2007, 1 year before the implementation of the LLINs. The decrease of An. funestus populations before the implementation of the LLINs could be attributed to the low rainfall from 2006 to 2007 compared with other years, which has reduced the presence of water required for the formation of breeding sites. A disappearance of An. funestus was also observed in the north of Senegal after the droughts of the 1970, causing a substantial decline in malaria transmission. 37, 38 In our study, the presence of An. funestus in the following years has not been observed despite the heavy rainfall since the year 2008 in Dielmo. Instead, just after the implementation of LLINs, the abundance of this species has further decreased and has never come back to its previous state. By contrast, An. gambiae s.l. populations showed high densities after the introduction of the LLINs in P2 (60-80% of Dielmo inhabitants stating that they always used their LLINs during this period) 25 but decreased substantially after renewing the LLINs in P3 and P4. We could hypothesize that the rise in An. gambiae s.l. population's dynamics in P2 could be explained by the increase in rainfall since 2008, a paramount factor required for the development of the larval habitat of An. gambiae s.l. or a rapid decrease in physical integrity or insecticidal activity of LLINs that has occurred during P2, as it was the first time that the villagers had used bed nets. Indeed, although the WHO specifies that LLINs should have a relative lifespan of around 20 washes under laboratory conditions and should last for 3 years of use, 39 the physical damage to half of the LLINs in several areas in Ethiopia was reported after only 3-6 months of use, which rose to 93% after 26-32 months of use. 40 However, if this hypothesis is true, then mosquito nets cannot alone be held responsible for the maintenance of a low density of An. funestus populations in P2.
Considering the tendency of these species to bite indoors or outdoors, neither An. gambiae s.l. nor An. funestus had any preference for feeding indoors or outdoors in P1 and P2. The decrease of An. funestus densities in P2 concerned both the mosquitoes biting indoors and outdoors. A shift was observed in P3 and P4, where more mosquitoes were caught outdoors than indoors. For An. gambiae s.l., the indoor biting decreased faster than the outdoor one and for An. funestus the outdoor biting increased from P2 to P4. Two hypotheses could explain these behavioral changes in the indoors to outdoors ratio of catches, they are as follows: the occurrence of phenotypic plasticity within a mosquito population able to bite both indoors and outdoors and look for blood meals; and the selection of mosquito adapted to outdoor biting. The pattern observed with An. funestus populations, with a number of catches drastically diminished both indoors and outdoors, fits more the phenotypic plasticity hypothesis, instead of two populations specialized to bite indoors or outdoors. However, when regarding the steady increase in outdoors biting from between P2 and P4, the fact that a minority lineage specialized in biting outdoors might rise and occupy the niche left by the plastic lineage cannot be excluded. Regarding An. gambiae s.l., however, the pattern we observed could result from the occurrence of several species of An. gambiae s.l. which exhibit different behaviors in their responses to vector control tools. Indeed, in the An. gambiae complex, An. gambiae sensu stricto which has recently been split into An. gambiae and Anopheles coluzzii, 41 and their sibling species Anopheles arabiensis, are known as the main vectors of malaria transmission in sub-Saharan Africa. 42 A recent study conducted in Dielmo has reported a shift in these species' composition, with An. arabiensis being the most prevalent species after the introduction of the LLINs. 24 These three species exhibit differences in their biting behaviors. More specifically, An. gambiae and An. coluzzii are primarily endophilic and anthropophilic, whereas An. arabiensis displays a behavioral plasticity in its biting activities by feeding on humans and animals outdoors. 43 Thus, the latter species could be less exposed to vector control tools used indoors than An. gambiae and An. coluzzii, which are more restricted in their biting activities, and the implementation of the LLINs would lead to selective pressure on An. gambiae and An. coluzzii, with high mortalities in both species, whereas An. arabiensis survives. If so, in the future, there is a risk that An. arabiensis might fill what is left of the ecological niche left empty by its sister species in the future, and the situation would be worrying as it could prevent progress in malaria control. Such an issue should be addressed by studying which are the most limiting factors determining the carrying capacity of the An. arabiensis populations. As for the late decrease of An. gambiae s.l., the question remains why these shifts toward more outdoor bites did not happen in P2, but only in P3 and P4, as LLINs were implemented at the beginning of this period and widely used. The most likely explanation is that, as hypothesized previously, mosquito net integrity was decreased in P2. If so, An. funestus was maintained at a low level during P2 by another environmental factor affecting equally mosquitoes biting indoors and outdoors. However, it is difficult to further test this hypothesis as these indicators of the effectiveness of LLINs were not tested in Dielmo during these periods.
Regarding the nocturnal activity, the fact that the nightly biting peak of An. funestus and An. gambiae s.l. seemed to change a bit in Dielmo was not an issue, given that most human hosts were still protected by bed nets at this time. Indeed, our analysis of the nocturnal activity showed that the rate of bites occurring while people were sleeping versus awake did not change significantly between periods (it was always around 76.9%). This observation showed that Anopheles vectors did not change their nocturnal activity when bed nets were used. In our study, the relative protection provided by LLINs to malaria exposure in users relative to nonusers (P* f ) decreased from ∼63% in P1 to ∼45% in P4, due to the increased proportion of outdoor biting compared with indoor biting in both vectors in P3 and P4. Note that these estimates might be a bit underevaluated, as our observations of people going to bed at 10 PM and awaking at 5 AM are rough, and because people might go to sleep a bit earlier or wake up a bit later (this would increase the proportion of bites when people are asleep, and therefore, increase the difference between bed net users and nonusers, and thus, P* and P* f ). However, the fact that captures stopped at 7 AM, although the biting rate is not back to zero would on the contrary lead to underestimate the number of bites got while outdoors and awake, and therefore to overestimate P*, which likely compensates. Our finding that 76.9% of catches occur when people are asleep is consistent with a study conducted in Tanzania that reported the large majority of An. gambiae bites during sleeping hours. 35 However, in the latter study, the relative protection of bed net users compared with nonusers (P*) was more than 70%, because the proportion of bites occurring outdoors was much lower (1 − π i = 0.08 in 1997 and 1 − π i = 0.10 in 2004) compared with our study. Another study in Benin, in Lokohoué reported that the protection provided by LLINs was 62.5% for early risers (10 PM to 5 AM), which is consistent with our results in P1. 44 In this study, however, P* was more than 80% on average for the global population despite a shift to the diurnal and outdoors feeding of An. funestus were being reported.
It should be noted that in P2 and P3, a fall and then rise in malaria was observed in Dielmo. 10, 26 This situation reflected seasonal malaria transmission in the village after the introduction of vector control tools, whereas the transmission of malaria was perennial previously. 26, 36 The low level of mosquito bites to which Dielmo inhabitants have been exposed to could be a factor explaining a decrease in the protective immunity after the implementation of LLINs, as reported by Diop et al. 45 Such a decrease in protective immunity, associated with the maintenance of a low level of infectious bites in mosquitoes, could be sufficient to explain the resurgence. Unsurprisingly, most of the resurgent malaria cases were noted in younger adults who declared that they had not used their LLINs and they had remained outdoors to watch television. 28 This situation illustrates that the behavior of human populations and the residual outdoor biting are still a challenge to eliminating malaria using LLINs alone as a vector control tool.
This study has some limitations which can be improved in the future. The analysis conducted with retrospective data and surveys about the human behavior relative to the time they were indoors at night under their LLINs to sleep, and the time they woke up and left the bedroom in the morning have been conducted based on our own observations. Accurate socio-anthropological studies should record these important data. Furthermore, molecular data for distinguishing sibling species would improve our knowledge of the involvement of each species that specifically contributed to the main observations in this study.
As a conclusion, a substantial decrease in the human exposure and malaria transmission was noted after the implementation of LLINs, showing that this vector control tools confers an effective personal protection against malaria exposure. However, the protective efficacy of LLINs decreased due to outdoor biting exhibited by residual An. gambiae s.l. and An. funestus populations that ensure residual transmission. Because of the remarkable increase of An. gambiae s.l. after the introduction of LLINs in P2 and the resurgence of malaria in villagers not using bed nets and staying outdoors even after the renewal of LLINs showed that the level attained is not sufficient for elimination. Indeed, as recommended by Griffin et al. 9 the level of coverage of such interventions needs to be increased to 80-90% to reduce the burden of malaria between 2016 and 2030. This means that a more widespread and effective use of these tools and other tools must be promoted in Dielmo and in other areas where the level of use remains low. 
